Objectives-Little has been known about the risk of cancer associated with occupational exposure to manganese. The objective of this study was therefore to examine the associations between duration of specific work and cancer incidence among employees in four Norwegian ferromanganese and silicomanganese producing plants. Results-A total of 607 cases of cancer were observed against 596 cases expected (standardised incidence ratio (SIR) 1.02). Internal comparisons of rates showed a positive trend between the rate of all cancers and duration of furnace work. A slightly weaker trend was also found for duration of blue collar non-furnace work when lags of 25 or 30 years were applied in the analyses. However, several results indicated that the incidence of all cancers among the non-furnace workers decreased during the period of active employment. Conclusions-Furnace and non-furnace workers may have exposures that increase the incidence of several cancers. The low incidence of cancer among non-furnace workers during the period of ongoing exposure cannot be explained. As this study cannot identify any causal factors, the role of exposure to manganese remains unclear. (Occup Environ Med 1999;56:618-624) 
In a previous study we found a borderline increased mortality from all cancers among men with at least 3 years of furnace work in four Norwegian ferromanganese (FeMn) and silicomanganese (SiMn) producing plants (standardised mortality ratio (SMR) 1.19, 95% confidence interval (95% CI) 0.99 to 1.42). 1 The mortality of specific cancers was not examined. To our knowledge only one previous occupational study of cancer incidence has included workers exposed to manganese. 2 Among employees in three of the same FeMn/ SiMn plants as in the present study the overall SIRs were then <1.00 in all plants.
Workers in FeMn/SiMn plants were exposed to asbestos until 1982 and to various dusts from the crude materials (mainly coke, coal, manganese ore, and crystalline silica) and from the manufactured manganese alloys. An increased risk of lung cancer might be expected due to exposure to carcinogenic substances such as asbestos and crystalline silica. 3 4 It has been previously reported that adequate data are lacking on risk of cancer from exposure to manganese. [5] [6] [7] Population studies have indicated an increased risk of lung and prostate cancer associated with exposure to manganese. 8 9 But an inverse relation between ingestion of manganese and the incidence of cancer has also been suggested. 10 Due to our previous results and the general lack of studies in this field, we have proceeded with a study of cancer incidence among workers in the four FeMn/SiMn plants. The aim of the study was to examine the associations between duration of work and cancer incidence among employees in these plants. We also wanted to examine if there was any indication of a reduced risk of cancer during ongoing exposure. The study was performed as a historical cohort study.
Materials and methods

STUDY SETTING
The four plants are all located in the southern part of Norway. Three of the plants began manufacturing FeMn and SiMn in 1920-30 whereas the fourth plant started production in 1974. One of the old plants was shut down in 1987. The alloys have been manufactured by an electrometallurgical process where oxides of manganese and iron in manganese ore (in FeMn manufacturing) and crystalline silica (in SiMn manufacturing) are reduced by heating and by a chemical reaction between oxygen and carbon in coke and coal. A minor supply of iron as iron pellets or scrap metal has also occurred. During the past years the manufactured FeMn has mainly been composed (by weight) of 76%-82% manganese, 13%-17% iron, and 1%-7% carbon. The corresponding figures for SiMn are 65%-70% manganese, 10%-15% iron, and 17%-20% silicon.
Manganese is thus the main component of these alloys. The cohort consisted of 6363 men employed for at least 6 months and first employed in these plants in . The numbers of men from each of the four plants were 2636, 1823, 1438, and 466. Employment records from the plants were the main source of individual information on employment. Variables recorded were employee's name, date of birth, the five digit personal number, up to 10 employment periods with location of work, and smoking habits when available from medical records. Vital status was obtained for each subject from the records of the oYcial population register. In Norway, people who died or emigrated before 1960 are lacking the five digit personal number. The vital data for these men were individually sought by name and date of birth.
Details of cancer cases diagnosed in the period 1953-91 were obtained from the Cancer Registry of Norway which also made available the individual dates of death from Statistics Norway (the national register for causes of death). Cases of cancer during this period were coded according to the seventh version of the international classification of diseases (ICD-7). Each man was followed up from the beginning of 1953 or if he was hired later from the first day of employment. The observation period continued until the date of death, emigration, the occurrence of two primary cancers (in the analyses of total cancer), or the end date of the study. A total of 158 men (2% of the primary male cohort of 7256 men) were excluded due to unknown vital data or deaths before 1953. Men first employed before 1933 (735) were excluded. Nine cases of cancer which had occurred in 1953 or later but before the start of employment in this industry were omitted, but the men were followed up for a second cancer. The cohort was studied for 153 565 person-years. The median duration of employment was 5.7 years. The median age at start of first employment and end of last employment was 24.8 and 36.5 years, respectively. The median duration of follow up was 24.2 years. In total, 4124 men (65%) had worked for at least 3 years. Among these the median duration of work was 12.3 years.
EXPOSURE VARIABLE AND DATA ANALYSIS Individual information on employment periods and work areas was used as a proxy for true exposure information. Information on work was available only at the level of the main departments. Thus, the furnace workers at, for example, the old ferrosilicon furnaces in these plants could not be diVerentiated from the manganese furnace workers. But these furnace workers probably constitute only a small proportion of all furnace workers.
Most of the methods of data analyses used in this study have been presented in detail elsewhere. 12 Summarised, SIRs (95% CIs) were calculated by use of national male 5 year age specific cancer rates for each year from 1953 to 1991. Rate ratios (RRs) from internal comparisons of rates were calculated with Poisson regression analysis. The Epicure program package was used for both the external (national) and internal (Poisson regression) comparisons of cancer rates. 13 In this study we also performed analyses of incidence of cancer categorised by employment status (active and inactive person-time).
14 Active person-time was defined as the employment period from the start of follow up until the end of last employment (including periods oV work before that time). Due to inaccurate dates of ending employment, 0.1 year was added to those dates. The remaining part of the observation period was defined as inactive person-time.
A distinction between short and long term employment (or work) was made at 3 years. Two main groups were defined from the cohort: ever furnace workers (furnace workers) and other blue collar workers who never had been furnace workers (non-furnace workers). The non-furnace workers comprised mechanics, electricians, transport workers, raw material workers, packers, and building and construction workers. Individual smoking data were available only for 109 men (19%) of those who were registered with a cancer. Thus, the analyses of cancer incidence could not be adjusted for individual smoking habits.
Results
A total of 607 cases of cancer were observed in 575 men (SIR 1.02, table 1). The cancer incidence was almost the same if the observation ended after the first case of cancer (SIR 1.01). The overall cancer incidence was significantly increased among men first employed before 1953, and among men with duration of total employment >20 years.
The incidence of total cancer and of various sites of cancer among furnace and non-furnace workers is shown in table 2. Among the 3122 furnace workers an increased incidence of cancer was found for nose and accessory sinuses, and for other and unspecified sites. Three of the four cases of sinonasal cancers occurred among men employed first before 1953 (SIR 6.72, 95% CI 1.39 to 19.6). They were all long term furnace workers (SIR 6.51, 95% CI 1.77 to 16.7). The incidence of lung cancer was not significantly increased and there was no case of malignant mesothelioma among the furnace workers. An increased incidence of all cancers was found for furnace work of >20 years (SIR 1.39, 95 % CI 1.07 to 1.76). Among the 2427 non-furnace workers an increased incidence was found for cancer of the pancreas, larynx, and pleura. The incidence of neither lung cancer nor total cancer was increased in this group. Further analyses showed that the SIRs for cancer of the pancreas, larynx, and pleura were significantly increased only among the short term workers (SIRs 2.77 (six cases), 5.67 (five cases), and 13.17 (three cases), respectively). Three of the five cases of malignant mesothelioma occurred among 1000 mechanics in this group (SIR 10.77, 95% CI 2.22 to 31.5), and all of these cases occurred >30 years after first employment as a mechanic (SIR 18.55, 95% CI 3.83 to 54.22). The incidence of lung cancer among the mechanics was, however, not increased (SIR 1.12, 95% CI 0.56 to 2.00 (11 cases)). Table 3 presents internal comparisons of the rates of all cancers by duration of furnace and non-furnace work separately. Among the 3122 furnace workers significantly increased trend slopes were found, with and without application of various lags. The highest trend slope was found with a lag of 20 years (RR 1.03/work-year). In this analysis an RR of 2.36 was found for furnace work of >20 years compared with furnace work of <3 years. The corresponding SIR value was 1.96 (95% CI 1.24 to 2.94). Among the 2427 non-furnace workers positive but not significantly increased trend slopes were found with application of lags of 10 and 20 years whereas no trend was found with unlagged analyses. However, significantly increased trend slopes of 1.02 (95 % CI 1.00 to 1.05) and 1.03 (95% CI 1.00 to 1.07) were found when lags of 25 and 30 years, respectively, were applied. For the furnace workers the trend slope did not increase when a lag of 25 years was applied (trend slope 1.03, 95% CI 1.00 to 1.06), but an analysis lagged 30 years could not be performed with the same categories due to lack of cases.
The presented trend slopes and RRs were not adjusted for employment as it seems unclear in this situation if employment is only a confounder or also an intermediate variable. 15 However, we also performed regression analyses with adjustment for employment. This did not change any of the trend slopes for duration of furnace work or non-furnace work with lags of 10 or 20 years. But a slightly positive trend slope of 1.01 was then found for non-furnace work analysed without lag. All the trend slopes for non-furnace work were found to be significantly increased.
The positive association between duration of furnace work and the incidence of all cancers was further examined with analyses of the specific sites of cancer. 10 We expected that a potential protective eVect would be related, with some latency, to the period of exposure. We therefore studied how the cancer incidence changed during time from the start of active service. In these analyses workers first employed before 1953 were excluded as the cancer incidence was not known for all of the employment period. During the first 5 years of employment the overall cancer incidence was close to the expected value both in the remaining group of 2375 furnace workers (SIR 0.99, 95% CI 0.43 to 1.95) and in the 1676 non-furnace workers (SIR 1.06, 95% CI 0.39 to 2.30). After the first 5 years of active service the cancer incidence was slightly lower among the furnace workers (SIR 0.84, 95% CI 0.49 to 1.34) but decreased markedly among the non-furnace workers for the person-years of all the remaining period of active employment (SIR 0.24, 95% CI 0.07 to 0.61). In this period of non-furnace work four cancers were observed against 16.75 expected. After the end of employment the overall cancer incidence was close to the expected level both among all furnace workers (SIR 0.97, 95% CI 0.81 to 1.16) and among all non-furnace workers (SIR 0.91, 95% CI 0.71 to 1.16). Analyses of the incidence of all cancers showed for short term furnace and non-furnace work SIRs of 0.84 (95% CI 0.62 to 1.11) and 1.00 (95% CI 0.68 to 1.41), respectively. For long term furnace work an SIR of 1.02 (95% CI 0.83 to 1.25) was found whereas a decreased SIR of 0.70 (95% CI 0.51 to 0.95) was found for long term non-furnace work. There was also a low rate of lung cancer (SIR 0.96) in the total group of non-furnace workers (also including those first employed from 1933) even if the increased incidence of malignant mesothelioma (SIR 6.29) and of cancer of the larynx (SIR 2.60) might indicate considerable exposure to asbestos as well as an increased prevalence of smoking. 3 16 For all person-time of active service a lung cancer SIR of 0.31 (95% CI 0.04 to 1.11, two cases) was found among these workers. Among the furnace workers the corresponding lung cancer SIR was 0.62 (95% CI 0.17 to 1.58).
Discussion
The main findings from this study are the positive associations between duration of furnace work and the incidence of all cancers, and the decreasing incidence of all cancers in the period of active non-furnace work. Weaker positive associations between duration of nonfurnace work and the incidence of all cancers were also found.
Although workers in these plants have been exposed to a mixture of gases and dusts, the characteristic for this cohort is the exposure to manganese which is assumed to be a major exposure factor to both the furnace and non-furnace workers. Although it cannot be documented, we suggest that the furnace workers have the highest exposure to manganese of these groups, but the composition of the manganese compounds and the exposure to other agents may vary between the groups. The concentrations of manganese in blood or urine have not been studied in this cohort. However, an increased biological concentration of manganese seems very likely as this has been shown among workers in two Italian ferroalloy plants and in other workers exposed to manganese. [17] [18] [19] [20] [21] Manganese is a ubiquitous element in nature and exists in 11 oxidation states, from -3 to +7. 22 Excessive exposure to manganese is mainly work related. In humans manganese is an essential element in many proteins and enzymes-for example, the antioxidant manganese superoxide dismutase (MnSOD). 23 The MnSOD accelerates the dismutation of the toxic superoxide radical to hydrogen peroxide and molecular oxygen, 21 and has been shown to play an important part in preventing the development of cancer. 24 A significantly higher activity of erythrocyte superoxide dismutase and higher concentrations of plasma manganese and malondialdehyde (a product of lipid peroxidation) have been found in workers exposed to manganese compared with referents. 21 An increased number of white blood cells found among workers exposed to manganese compared with non-exposed workers in two studies might indicate an eVect of manganese on the immunological system. 18 25 These results may suggest that exposure to manganese plays a part in preventing the development of cancer.
A possible role of manganese in prevention of cancer has been suggested from a few human and animal studies. In a Finnish study a linear negative association was found between the cancer incidence in 179 parishes and the amount of manganese in cultivated soil from the parishes. 10 In animal studies it has been found that manganese inhibited sarcoma induction if it was injected together with tumorigenic nickel subsulphide (Ni 3 S 2 ) or benzo[a]pyrene but not dimethylbenz[a]anthracene in rats. [26] [27] [28] [29] In one of the studies it was shown that the proportion of rats with a sarcoma within 2 years after injection of Ni 3 S 2 plus manganese was 7% versus 77% in rats that received only Ni 3 S 2 . 27 In a later study it was found that manganese prevented the depression of natural killer cell activity of rat peripheral blood mononuclear cells produced by nickel alone. 28 A few studies exist in which an increased risk of cancer associated with exposure to manganese are indicated. In a population study in a Scottish town a positive but non-significant association was found between manganese pollution from iron foundries and the standardised mortality ratios (SMRs) for lung cancer in various residential zones in the surroundings. 8 However, significant associations were simultaneously found for iron and copper. In a study from Japan a higher incidence and mortality from prostate cancer was found in districts with a history of manganese mining than in the remaining districts in that region. 9 In experimental studies some manganese compounds have been mutagenic in bacteria and yeast cells. In mouse mammary carcinoma cells, Mn(II) and Mn(VII) induced chromosomal breaks. 6 In animal studies manganous acetylacetonate induced injection site tumours in rats and mice, but manganese powder or manganese dioxide did not. 6 30 The association between duration of furnace work in the FeMn/SiMn plants and the incidence of all cancers may indicate exposure to one or several agents with carcinogenic eVects in various organs like the lung, colon, and prostate. Exposure to asbestos and crystalline silica (in SiMn manufacturing) may have increased the rates of lung cancer, but the lack of cases of malignant mesothelioma among the furnace workers indicate a low level of exposure to asbestos in this group. In a corresponding cohort of workers in eight ferrosilicon (FeSi) and silicon metal (Si-met) producing plants an increased total cancer SIR of 1.36 for furnace work of 10-19 years was found. 12 These workers were not exposed to manganese. Thus, exposure factors or other conditions in common for these two groups of furnace workers may have contributed to the association between FeMn/SiMn furnace work and the incidence of all cancers. However, an eVect of manganese on these results cannot be ruled out. The positive trend between the prostate and lung cancer rates and the duration of furnace work supports the previous suggestion of an association between these two cancer sites and exposure to manganese. 8 9 However, the positive associations with all other cancers indicate that the association is not limited to lung and prostate cancer. We suggest that the incidence of several cancers may be increased by one or more exposure factors in the environment of furnace work. The role of exposure to manganese on these results seems unclear.
The present results indicate an association between sinonasal cancers and exposures in FeMn/SiMn furnace work. Previous studies have shown increased risks of sinonasal cancers among furnace and foundry workers (mainly in steel works) in England and Wales, 31 among men in all areas of the basic metal industries (mainly iron and steel industries) in Denmark, 32 and among metal workers in Italy. 33 No exposures to particular metals were suspected in these studies which mainly comprised iron and steel workers. Previous studies have shown an increased risk of exposure to chromium and nickel compounds. 33 As far as we know, exposure to manganese has not previously been associated with sinonasal cancers. The cancers may also be associated with other unknown work exposures in common with the iron foundries and steel works or have a major contribution from smoking. 34 The low cancer incidence during persontime of active service among the FeMn/SiMn non-furnace workers may have occurred by chance, but it is not a healthy worker eVect as the cancer incidence during the first 5 years of active service was close to the expected level. The results may be explained by an exposure during the employment period associated with cancer prevention or suppressed development of cancer. We did not find similar results in the two corresponding groups of FeSi/Si-met furnace and non-furnace workers who had been exposed to a similar work environment apart from manganese. Due to lack of real exposure data, any causal factors could not be identified.
Due to lack of data the results were not adjusted for smoking habits, but we examined the prevalence of smoking among the men presently employed in three of the FeMn/SiMn plants in 1989-90. The median proportion of smokers in 5 year birth cohorts among men born in 1940-74 was 0.60 for the furnace workers and 0.45 for the six groups of non-furnace workers. The corresponding value for the general Norwegian population was 0.40 at that time. 35 Thus, the low incidence of lung cancer during the person-time of active employment in non-furnace work can probably not be explained by a low proportion of smokers. No information was available for other lifestyle factors.
In summary, significantly increasing RRs of all cancers by increasing duration of work (2%-3%/work-year) were found among the furnace workers whereas weaker but positive associations were found among the nonfurnace workers. However, the incidence of all cancers among the non-furnace workers decreased significantly during the employment period. Due to lack of real exposure data this study cannot identify any causal factors for either of the results. As these workers were exposed to manganese compounds, future studies should focus on the role of manganese in cancer development.
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